We study the mirror symmetry breaking of 6 He-6 Be and 8 He-8 C using the 4 He + XN (X = 2, 4) cluster model. The many-body resonances are treated for the correct boundary condition using the complex scaling method. We find that the ground state radius of 8 C is larger than that of 8 He due to the Coulomb repulsion in 8 C. On the other hand, the 0 + 2 resonances of the two nuclei exhibit the inverse relation; the 8 C radius is smaller than the 8 He radius. This is due to the Coulomb barrier of the valence protons around the 4 He cluster core in 8 C, which breaks the mirror symmetry of the radius in the two nuclei. A similar variation in the radius is obtained in the mirror nuclei, 6 He and 6 Be. A very large spatial extension of valence nucleons is observed in the 0 + 2 states of 8 He and 8 C. This property is related to the dominance of the (p 3/2 ) 2 (p 1/2 ) 2 configuration for four valence nucleons, which is understood from the reduction in the strength of the couplings to other configurations by involving the spatially extended components of valence nucleons.
We study the mirror symmetry breaking of 6 He- 6 Be and 8 He-8 C using the 4 He + XN (X = 2, 4) cluster model. The many-body resonances are treated for the correct boundary condition using the complex scaling method. We find that the ground state radius of 8 C is larger than that of 8 He due to the Coulomb repulsion in 8 C. On the other hand, the 0 + 2 resonances of the two nuclei exhibit the inverse relation; the 8 C radius is smaller than the 8 He radius. This is due to the Coulomb barrier of the valence protons around the 4 He cluster core in 8 C, which breaks the mirror symmetry of the radius in the two nuclei. A similar variation in the radius is obtained in the mirror nuclei, 6 He and 6 Be. A very large spatial extension of valence nucleons is observed in the 0 + 2 states of 8 He and 8 C. This property is related to the dominance of the (p 3/2 ) 2 (p 1/2 ) 2 configuration for four valence nucleons, which is understood from the reduction in the strength of the couplings to other configurations by involving the spatially extended components of valence nucleons. 
I. INTRODUCTION
Unstable nuclei have often been observed in unbound states beyond the particle thresholds due to the weak binding nature of valence nucleons. Resonance spectroscopy of unbound states in unstable nuclei has been developed using radioactive-beam experiments [1] . In addition to the energies and decay widths of resonances, information on their configurations and spatial properties is important in understanding the structures of unstable nuclei. In proton-rich and neutron-rich nuclei, the correlations between valence nucleons and between a valence nucleon and a core nucleus lead to the exotic nuclear properties in resonances as well as in the weakly bound states that are currently beyond our standard understanding of stable nuclei. The comparison of the structures between proton-rich and neutron-rich nuclei is related to the mirror symmetry in unstable nuclei with a large isospin.
The results of certain experiments on proton-rich 8 C have recently been reported [2] . The 8 C nucleus is an unbound system beyond the proton drip line. Currently, only the ground state is observed in 8 C. This resonance is located at 2 MeV above the 6 Be + 2p threshold energy and close to the 7 B + p threshold [2] . The excited states of 8 C can decay not only to a two-body 7 B + p channel, but also to the many-body channels of 6 Be + 2p, 5 Li + 3p and 4 He + 4p, in which 5 Li, 6 Be, and 7 B are also unbound systems. Large decay widths for multi-particle decays make it difficult to identify the excited states of 8 C experimentally.
The mirror nucleus of 8 C is 8 He with isospin T = 2. * myo@ge.oit.ac.jp † kato@nucl.sci.hokudai.ac.jp Thus far, many experiments on 8 He have been reported [3] [4] [5] . Its ground state is weakly bound, and it has a neutron skin structure consisting of four valence neutrons around 4 He with a separation energy of 3.1 MeV. As regards the excited states of 8 He, most of these states are observed above the 4 He + 4n threshold energy. Therefore, the resonances of 8 He can decay into many channels including 7 He + n, 6 He + 2n, 5 He + 3n, and 4 He + 4n, similar to 8 C. The multi-particle decays of 8 He are related to the Borromean nature of 6 He, which decays into 4 He + 2n with a small excitation energy. With this background information on He isotopes and their mirror nuclei, we remark that most of the states appearing in these nuclei can exist as many-body resonances. It is important to understand the characteristics of these resonances as many-body states beyond the simple two-body resonance, considering the couplings with the continuum states of various decay channels into subsystems. The proper treatment of boundary conditions for the resonant and continuum states is inevitable to obtain reliable results of the resonance properties.
The comparison of the structures of proton-and neutron-rich nuclei is interesting from the viewpoint of mirror symmetry. In this study we compare the structures of 8 He and 8 C and also those of 6 He and 6 Be. It is interesting to examine the effect of the Coulomb interaction on the mirror symmetry of these nuclei. The structures of resonances and weakly bound states are generally influenced by the open channels of particle emissions. Hence, the mirror symmetry of unstable nuclei can be related to the coupling behavior between the open channels and the continuum states.
In the theoretical analysis to investigate the unbound states of 8 He and 8 C, it is necessary to describe the 4 He + 4n/4p five-body unbound states. In this analysis, we employ the cluster-orbital shell model (COSM) [6] [7] [8] [9] [10] [11] [12] [13] [14] that has been successfully used to describe the 4 He+4N five-body system. In COSM, we adopt single particle wave functions of non-restricted radial forms, which are optimized by solving the many-body Schrödinger equation. In addition, the effects of all the open channels are taken into account explicitly in the COSM, and therefore we can treat the many-body decaying phenomena. In our previous works [10, 12, 13] , we have successfully described the He isotopes and their mirror, proton-rich nuclei. We have obtained many-body resonances using the complex scaling method (CSM) [15] [16] [17] under the correct boundary conditions for all decay channels. In CSM, the resonant wave functions are described using the L 2 basis functions without any approximation. Using the combined COSM and CSM we describe the many-body resonances and also the decaying process of the states. The application of CSM to nuclear physics has been extensively carried out for resonance spectroscopy, transition strengths into unbound states, and nuclear reaction problems [9, 10, [17] [18] [19] [20] [21] [22] .
In the previous analyses [11] , we have discussed the mirror symmetry of In this study, we proceed with our analysis of 8 He and 8 C and concentrate on the spatial properties of the 0 + states of the two nuclei. Recently, the dineutron-cluster model [23] has been used to demonstrate the possibility of viewing dineutron clustering in 8 He and 8 C to understand the effect of the Coulomb interaction on the spatial distribution of the valence protons in 8 C, which was partially carried out in the previous study [12] . In this study we examine the mirror symmetry in the spatial properties of the two nuclei. The Coulomb interaction provides a repulsive effect on the system, which is naively expected to enlarge the radius of the system. In fact, we have shown that the ground state radius of 8 C is larger than that of 8 He [12, 13] Be. The Hamiltonian is the same as that used in the previous studies [11, 12] ,
where X denotes the valence nucleon number around 4 He, and the mass number is given by 4 + X. The terms t i and T G denote the kinetic energies of each particle ( 4 He and N ) and of the center of mass of the total system, respectively. The operator p i denotes the relative momentum between 4 He and N . The reduced mass µ is 4m/5 described using the nucleon mass m. The 4 He-N interaction V αN is given by the microscopic KKNN potential [17, 24] for the nuclear part, in which the tensor correlation of 4 He is renormalized. For the Coulomb part, we use the folded Coulomb potential using the density of 4 He as the (0s) 4 configuration. The N N interaction V N N is given by the Minnesota potential [25] for the nuclear part in addition to the point Coulomb interaction between protons. These interactions reproduce the lowenergy scatterings of the 4 He-N and the N -N systems, respectively.
For the wave function of 4 He, we assume a (0s) 4 configuration of a harmonic oscillator wave function with length parameter of 1.4 fm. We expand the relative wave functions of the 4 He + XN system (X = 2, 4) using the COSM basis states [6] . In the COSM, the total wave function Ψ J with spin J is represented by the superposition of the configuration Ψ The index n represents the different radial components. In this study, the valence nucleons are assumed to be protons only or neutrons only. The index c represents a set of α i values for valence nucleons as c = {α 1 , . . . , α X }. We obtain a summation over the available configurations in Eq. (3) The coordinate representation of the single-particle state for a † α is given as ψ α (r) as a function of the relative coordinate r between 4 He and a valence nucleon, as shown in Fig. 1 . We employ a sufficient number of bases to expand ψ α (r) for the description of the spatial extension of valence nucleons, in which the ψ α (r) terms are normalized. In this model, the radial part of ψ α (r) is expanded with the Gaussian basis functions for each orbit [7, 17] as
The index k corresponds to the Gaussian basis function with the length parameter b k ℓj . The normalization factor of the basis and basis number are given by N and N ℓj , respectively, and k = 1, . . . , N ℓj . The coefficients {d k α } in Eq. (5) are determined using the Gram-Schmidt orthonormalization. Hence, the basis states ψ α (r) are orthogonal to each other, as indicated by Eq. (7). The radial bases ψ α (r) are distinguished by the index n, which is indexed up to the basis number N ℓj . The same method using Gaussian basis functions for a single-particle state is employed in the tensor-optimized shell model [19, [26] [27] [28] . The Pauli principle between a valence nucleon and 4 He is treated using the orthogonality condition model [29] , in which the single-particle state ψ α (r) is imposed to be orthogonal to the 0s state occupied by 4 He. The length parameters b k ℓj are chosen in geometric progression [17] . We use at most 17 Gaussian basis functions by setting b k ℓj to range from 0.2 fm to around 40 fm typically. The large value of b k ℓj plays an important role in accounting for the continuum state of a valence nucleon. To obtain the Hamiltonian matrix elements of multi-nucleon systems in the COSM, we employ the j-scheme technique of the shell-model calculation.
For the model space of the COSM, the angular momenta of the single-particle states are taken as ℓ ≤ 2 [10, 12] . We fit the two-neutron separation energy of 6 He to the experiment of 0.975 MeV by taking the 173.7 MeV of the repulsive strength of the Minnesota potential from the original value of 200 MeV [25] .
We briefly review the CSM to describe the resonances and nonresonant continuum states. In the CSM, we transform the relative coordinates as U (θ)r i = r i e iθ for i = 1, . . . , X, as shown in Fig. 1 , where U (θ) denotes the operator for transformation with a scaling angle θ. The Hamiltonian in Eq. (2) is transformed into the complexscaled Hamiltonian H θ = U (θ)HU (θ) −1 , and the corresponding complex-scaled Schrödinger equation is given as
The eigenstates Ψ J θ = U (θ)Ψ J are obtained by solving the eigenvalue problem of H θ . In the CSM, all the energy eigenvalues E of the bound and unbound states are located on a complex energy plane, according to the ABC theorem [15, 16] . In this theorem, it is proved that the boundary condition of the resonances is transformed into damping behavior at the asymptotic region. This condition is the same as that of the bound states. For a finite value of θ, every Riemann branch cut starting from different particle thresholds is commonly rotated down by 2θ in the complex energy plane. In contrast, bound states and resonances are obtainable as stationary solutions with respect to θ. We can identify the pole of resonances as Gamow states with complex eigenvalues, E = E r − iΓ/2, where E r and Γ denote the resonance energies and decay widths, respectively. In the wave function, the θ-dependence is included in the amplitudes in Eq. (3) as {C J c (θ)}. The optimal angle θ is determined to locate the stationary point of each resonance in the complex energy plane [17] .
In the CSM, resonances are precisely described as eigenstates expanded in terms of L 2 basis functions such as Gaussian basis functions. It is noted that the amplitude {C [8, 30, 31] . For amplitudes, when the imaginary part is a relatively small value, it is reasonable to discuss the physical meaning of the real part of the amplitudes. In the present study, we also discuss the radius of resonances being a complex number. When the radius exhibits an imaginary part relatively smaller than the real one, we consider that the real part of the radius is regarded as a reference providing the information on the spatial size of the resonances. Recently, the complex radius has been used to estimate the size of hadronic resonances such as those observed in theKN system [32, 33] . The Hermitian product is not applied due to the biorthogonal eigenstates of the non-Hermitian H θ [30, 34, 35]. The matrix elements of a physical quantityÔ for resonant states are calculated using the amplitudes {C J c (θ)} and are independent of the angle θ, as evidenced from the following relation
The properties of the resonances are uniquely determined as the Gamow states [17, 36] . In the CSM, it is not necessary to obtain the original solution of resonances by using the inverse transformation of the complex scaling, which is the so-called back-rotation. This is because the matrix elements of the resonances are uniquely obtained in Eq. (9).
III. RESULTS

A. Energy spectra
We discuss the structures of the 0 + states of 8 He and 8 C, and also those of 6 He and 6 Be. The energy eigenvalues of these states have been obtained in a previous analysis [12] , and here, we discuss the mirror symmetry of these nuclei. We summarize the energy properties in Tables I and II, [10, 12] . The results well reproduce the observed energy levels and predict several resonances. The matter and charge radii of 6 He and 8 He obtained in the COSM also agree with the observations [10] . This agreement indicates that the spatial distributions of the valence neutrons are described well to explain the neutron halo and skin structures in the weakly bound states. In the following section, we discuss the various radii values corresponding to the ground and resonant states to investigate the spatial properties of valence nucleons in relation to the mirror symmetry.
B. Effect of spatial extension of valence nucleons in 8 He and 8 C
We discuss the effect of the spatial extension of valence nucleons on the configuration mixing of the singleparticle states in 8 He and 8 C. This analysis is important to understand the reason for the dominance of a single configuration in the 0 + 2 resonances of the two nuclei. In the COSM, we expand the wave function of the valence nucleons using the Gaussian basis functions given in Eq. (6) with a length parameters {b k ℓj }. The spatial extension is considered in a superposition of the Gaussian basis functions with the large value of b k ℓj . To investigate the effect of spatial extension, we restrict the motion of valence nucleons in which the relative distance between 4 He and a valence nucleon becomes smaller than 6 fm. The distance of 6 fm is determined to retain the properties of the configuration mixing of the 8 He ground state. Since 8 He has a bound state, the four valence neutrons of 8 He are considered to be distributed not very far from 4 He. The restriction for the spatial extension of the COSM wave functions is placed with the maximum lengths of {b k ℓj } in Eq. (6) for a valence nucleon. The maximum lengths of {b k ℓj } are determined for the Gaussian basis functions so as to satisfy the matrix elements of the relative distance between a nucleon and 4 He (Fig. 1 ) to be 6 fm. In this treatment, the energy of 8 He is obtained as −3.14 MeV as measured from the 4 He + 4n threshold, which is still close to the value of −3.22 MeV obtained without the restriction [10] .
The result of the configuration mixing with the spatial restriction for valence nucleons is listed in Table III 4 configuration commonly dominates the total wave functions. The 8 C state is described under the bound-state approximation in a manner similar to that for 8 He, because the spatial restriction does not treat the boundary condition for resonances correctly. For comparison, the results without the restriction are listed in Table IV [12] . For 8 He, it is found that the mixing values of each configuration do not strongly depend on the restriction of the spatial extension. For 8 C, the mixing values with the restriction (Table III) are also close to the real parts of the values without the restriction (Table IV) . These results indicate states, which is not observed in the ground states of 8 He and 8 C. The reduction in the coupling strength is related to the motion of valence nucleons. Without the spatial extension, the four valence nucleons cannot be distributed widely. In this situation, the strengths of the couplings between the different configurations generally increase because the amplitudes of the wave function are confined in the interaction region. When the spatial ex- 
tension is realized in the 0 + 2 states of 8 He and 8 C, their wave functions can be distributed widely and most of the amplitudes of valence nucleons penetrate from the interaction region. As a result, the coupling strengths between the configurations decrease and the single configuration of (p 3/2 ) 2 (p 1/2 ) 2 survives dominantly in the 0 + 2 states. It is noted that the spatial extension of valence nucleons can also affect the diagonal energies of the singleparticle configurations, particularly with the higher orbits, because of the release of the kinetic energies of the configurations by the spatial extension of nucleons. This effect is considered to enhance the configuration mixing because the diagonal energies of the configurations approach each other, as opposed to the case of a reduction in the coupling matrix elements between the configurations. The present calculation of 8 He and 8 C includes both effects simultaneously, and the obtained results indicate that the effect of the reduction in coupling is fairly strong.
The dineutron model calculation [23] has recently been used to determine the two-dineutron enhanced states in 8 He(0 + 2 ) under the bound-state approximation. In general, the dineutron is a kind of spatial localization of two neutrons, such as a cluster, and it corresponds to the configuration mixing of various single-particle states in the mean field picture. In fact, for 6 He, the mixing of various orbits of the two valence neutrons enhances the dineutron formation [17, 37, 38] . In the present calculations of 8 He and 8 C, when the spatial extension is restricted within the bound-state approximation, the configuration mixing in the 0 + 2 states increase in strength in comparison with the resonance solution of the CSM. This feature in the bound-state approximation can be related to the enhancement of the dineutron/diproton (dinucleon) components. However, the 0 It is important to understand the roles of the Coulomb interaction on the spatial properties of 8 C in comparison with 8 He. This is related to the examination of the mirror symmetry in the two nuclei. For this purpose, we investigate the various radii sizes of 8 He and 8 C, which reflect the motion of valence nucleons. It is shown that the effect of the motion of valence nucleons on the configuration mixing depends on the state. It is interesting to discuss the case of the radius. We noted that the radius of Gamow resonances is obtained as a finite complex number, because Gamow states have complex eigen-energies and complex amplitudes. In the present analyses, most of the radii of resonances exhibit imaginary parts that are relatively smaller than the real ones, similar to case of the squared amplitudes listed in Tables IV and VI . Hence, we discuss the spatial size of resonances using the real part of the complex radii. The explicit form of the operator for the various radii in the COSM is provided in Ref. [6] , in which the case of He isotopes is given.
The results of the radii of the 0 + 2 states in 8 He and 8 C are obtained as listed in Table VII in addition to the 0 + 1 results obtained in the previous study [12, 13] . We calculate the matter (R m ), proton (R p ), neutron (R n ), and charge (R ch ) radii, and the mean relative distances between 4 He and a single valence nucleon (r c-N ) and between 4 He and the center of mass of the four valence nucleons (r c-4N ). For the 0 + 1 states, the matter radius of 8 C is larger than that of 8 He by about 12% for the real part. A similar calculation for the ground states of 8 He and 6 He with a 4 He core was performed using the Gamow shell model approach [39] in which the ground-state properties obtained for two nuclei agree with our calculation [10] . The neutron-neutron correlation between two nuclei has also been investigated. The most recent experimental value of the charge radius of 8 He(0 + 1 ) is reported as 1.959(16) fm [40] , which is close to our result of 1.92 fm. Table VIII , we list the matter (R m ), proton (R p ), neutron (R n ), charge (R ch ) radii, the relative distances between 4 He and a valence nucleon (r c-N ), between valence nucleons (r N N ), and between the 4 He core and the center of mass of the two valence nucleons (r c-2N ). As regards the charge radius of 6 He(0 + 1 ), the latest experimental value is reported as 2.060(8) fm [40] , which is close to our result of 2.01 fm.
It is found that the radii values for 6 Be(0 + 1 ) are mostly real, and therefore we use the real parts to estimate the radius. The matter radius of 6 Be(0 Table VIII , the imaginary parts of the radii increase to values larger than the real parts for certain neutron-radii related values for 6 He. This indicates that the coupling to the continuum states is larger in the 0 + 2 states of the A = 6 nuclei than in the case of their ground states and also the A = 8 cases. In a manner similar to the case of the A = 8 nuclei, we examine the mirror symmetry of the spatial properties of the 0 + 2 state in A = 6 systems by studying the real parts of the various radii. It is found that in the 0 + 2 state, the 6 Be radii values are smaller than the 6 He radii values, which is a common feature observed in the A = 8 systems. We also plot the real parts of the matter, proton, and neutron radii (Fig. 3) to examine the differences in the two nuclei. In the ground state, the proton radius of 6 Be is larger than the neutron radius of 6 He due to the Coulomb repulsion from the two valence protons of 6 Be. In the 0 + 2 state, the proton radius of 6 Be is smaller than the neutron radius of 6 He due to the Coulomb barrier effect in 6 Be. These results are due to a situation similar to that observed in the case of 8 He and 8 C.
From the analyses of the radius of the 0 + 1,2 states for A = 6 and 8 nuclei, we conclude that the Coulomb interaction breaks the mirror symmetry as regards the spatial properties of neutron-rich and proton-rich nuclei. This breaking depends on the states; spatial enhancement occurs in the 0 + 1 states due to the Coulomb repulsion, and the shrinkage effect influences the 0 + 2 resonances due to the Coulomb barrier. The latter effect on the radius can also be seen in the 3α Hoyle state in 12 C, which is located immediately above the 3α threshold energy (Y. Funaki, private communication). This resonance is affected by the Coulomb barrier of α particles, which stabilizes the Hoyle state with a fairly narrow decay width [43] . There have recently been several interesting results concerning the radii of resonances in terms of both experimental [44] and theoretical aspects [11, 12, 45] An effect similar to the Coulomb interaction on the stabilization of the resonances has also been reported in Ref. [46] , in which the s-and p-wave resonances are investigated in the mirror nuclei of 10 Li and 10 N using the core + N model. In 10 Li, the s-wave state exists as a virtual state. On the other hand, the corresponding mirror state in 10 N transforms into a resonant state because of the presence of the Coulomb barrier.
IV. SUMMARY
In summary, we investigated the spatial properties of the mirror nuclei 8 He-8 C, and 6 He-6 Be using the 4 He + XN (X=2, 4) cluster model. The boundary condition for resonances is accurately treated using the complex scaling method. We found that the relation of the radii between 
